Introduction

Context for Quantitative Analysis
The task is to describe the effects of ultraviolet radiation on a biological process, such as photosynthesis. For a particular loca tion, this requires a description of potential photosynthesis as modified by an inhibition function: f(E Bg {X,z,t)) in Eq. (1), where E* inh (dimensionless) is biologi cally weighted UV irradiance, plus wavelength-independent bio logically weighted PAR. Descriptions of P vs. I and its inhibition by UV could take other forms, but all, either implicitly or explic itly, would have to conform to Eq. (1): P = P pt • f(E Bg ) . Years of work have gone into describing P^, but as we show below, it is a major task to quantify biologically weighted irradiance, E Bg , and the functional form of its relationship with P/Pp.
Biological Weighting Function
A biological weighting function, or action spectrum, takes account of the wavelength-dependency of biological action; it is a critical parameter in the assessment of the potential biological effects of 0 3 -related enhanced ultraviolet radiation [NAS, 1979; NAS, 1982; NAS, 1984; Coohill, 1989] . A number of authors [Rundel, 1983; Caldwell, 1968; Caldwell et al., 1986] 
Relationship between Exposure and Effect
A quantitative evaluation of possible UV-related damage to an organism requires experimental data assessing UV effects versus quantified exposure to biologically weighted irradiance, for comparison with current or predicted natural irradiance levels. Commonly, the effects of UV are reported as a function of cumu lative exposure (here referred to as dose), in an analysis called a survival or dose-response curve.
Reciprocity. Calculation of dose requires the time-integration of the biological effective irradiance (Eq. 1) over an appropriate interval (hourly, daily, yearly, etc.) to get the biological effective exposure:
The exposure, via Eq. 1, is weighted by the appropriate relative biological weighting function and the units reflect the arbitrary normalization associated with this weighting. Alternatively, the For equal doses, however, a relatively short exposure to high UV-B irradiance is more damaging to photosynthesis than a longer exposure to lower irradiance (i.e., reciprocity fails). These results are consistent with a mechanistic model of photoinhibition as a balance between damage and recovery processes, processes that utilize different parts of the solar spectrum and are likely to oper ate on different time scales [Neale, 1987] . These workers con clude that for their system, UV inhibition is best modeled as a function of biologically weighted irradiance, but as pointed out by Cullen and Neale (1994) , the kinetics of UV-induced photoinhibi tion must be resolved for natural phytoplankton in a number of environments. 
In dealing with inferences based upon radiation amplification fac tors, it is important to be aware of how the factor was derived, especially when comparing pre-1990 with more recently pubfished results. It should also be noted that there are very few recent data with respect to the estimation of biological amplifica tion factors except for the nonlinear function of Cullen and coworkers. However, it is not known if their results can be applied directly to the representation of natural populations for time scales greater than one hour, which is necessary for an over all assessment of ozone-related effects. A reduction in the thickness of the ozone layer leads to an increase in UV-B radiation. This will have a large effect for bio logical weighting functions which are heavily weighted in the UV-B region (eg., DNA) with R > 1. Conversely, biological weighting functions weighted outside the UV-B region, in particular those weighted in the UV-A spectral region, will have smaller direct effects (R < 1). Radiation amplification factors, R, for selected biological weighting functions plotted in Fig. 1 shows strong diurnal patterns in the photosynthetic capacity and depth-dependent photosynthesis-irradiance relationships and also strong diurnal effects in UV-inhibition of photosynthesis. They note that the problem is also confounded by wavelength changes in irradiance with depth. Cullen and Lesser [1991] have shown that photoinhibition of phy toplankton production is dependent on irradiance only for time scales longer than the induction period for photoinhibition, i.e., > approximately 1 hr. On shorter time scales relative photoinhibi tion is time (dose) dependent. They conclude that conventional productivity incubations (typically 2 to 24 hr.) will adequately represent conditions in the water column only if this column is relatively stable over these same periods.
Helbling etal.
[1994], using rotating incubator experiments to simulate vertical mixing, studied the effects of UV radiation on Antarctic marine phytoplankton. These workers found that the magnitude and sign of the difference in column integrated produc tion between rotating samples (exposed to varying irradiance lev els with a 6 hr time scale) and fixed samples depended upon the mean irradiance level. This demonstrated a failure of reciprocity under the variable irradiance treatment, consistent with a disproportionate amount of inhibition resulting from short periods of high irradiance experienced by the rotating samples.
Methodological Issues
Methodological issues seem to plague UV-effects research, per haps because results impinge closely on policy concerns, but also Duniap et al., 1986; SivalIngham et al., 1974] , and hence have been proposed as a physiological adaptation to UV exposure. Vernet [1990] showed that Antarctic phytoplankton exposed to ambient levels of UV radiation seem to have the ability to synthesize potentially protective UV-absorbing compounds, and that they may have the capacity to utilize some of the UV radia tion in photosynthesis through pigments that absorb below 400nm. El Sayed et. al. [1990] 
6>3-related UV-B Effects on Natural Phytoplankton Popu lations
Ultimately the issue of 0 3 -related UV-B increases must be assessed with respect to the direct impact on natural populations. Smith, Prezelin and co-workers [Smith et al., 19926; Prezelin et al., 1992] directly measured the increase in and penetration of UV-B radiation into Antarctic waters and provided the first con clusive evidence of a direct 0 3 -related effect on a natural popula tion. Making use of the extreme change in ozone associated with the hole, which creates a sharp gradient (or "front") in incident UV-B analogous to an atmospheric or oceanographic front Smith and Baker, 1989] , they made comparative studies of the impact of UV-B on phytoplankton in the marginal ice zone (MIZ) of the Southern Ocean. The MIZ was selected for their study because it is, like the ozone hole, a spring phenomenon and because the physical conditions of water column stability that give rise to enhanced productivity within the MIZ also promote condi tions for maximum exposure of phytoplankton to UV-B. Also, production within the marginal ice zone is estimated to contribute significantly to the overall production of the Southern Ocean and to be a significant element in Antarctic spring-time ecology.
Their results indicate a minimum of 6 to 12 percent reduction in MIZ primary production associated with 0 3 depletion within the ozone hole. Smith & Prezelin make an estimate of the impact of reduced ozone on primary production for the MIZ of the Bellingshausen Sea (Fig. 2) based upon a determination of phytoplankton produc tivity data averaged for inside and outside the 0 3 hole. Again, it is important to note, that this simple comparison of production inside vs. outside the 0 3 hole avoids complicating assumptions and focuses on the consequences to the phytoplankton community to the increased UV-B inside the hole. Based on these in situ data, a yearly estimate of production loss for the MIZ of the Southern Ocean can be made by assuming that the loss they measure is rep resentative of the MIZ and integrating production over the MIZ area and over the 3-month duration of the 0 3 hole during Antarc tic spring. They estimate (using a 6% loss of water column pro ductivity and conservatively assuming a given location is outside the 0 3 hole one-half of the time) that this productivity loss to the MIZ is 7 x 10 12 gC • y" 1 , corresponding to about 2% of the esti mated yearly production of the MIZ. Their assumptions are such that this is a minimum loss estimate and values could be at least two times higher depending upon the specific space-time extent of the 0 3 hole. They note that they used short-term 14 C studies to assess changes in natural communities of phytoplankton caused by variations in the ozone hole which occurred on time scales from hours to weeks. Thus, because the water column was not actively mixing and fixed-depth incubations of several hours were appropriate, the time scale of their experimental protocol matched that of the processes observed. However, caution must be used when inferring longer-term ecological consequences from shortterm observations In particular, this interannual variability is likely to have a significant effect on total annual primary production, although to date these natural changes have not been accurately quantified. Thus, Smith and Prezelin note that their estimate of (2 to 4%) loss to MIZ productivity should be viewed in the context of a presumed natural variability of ±25%.
Concern has been expressed [Voytek, 1990] that 0 3 -induced phytoplankton loss may trigger a positive feedback with respect to atmospheric C0 2 that would exacerbate the greenhouse effect.
The estimated loss of 7 x 10 12 gC • y" 1 is about 3 orders of magni tude smaller than estimates of global phytoplankton production and thus is not likely to be significant in this context. Further more, Peng [Peng, 1992] using a global circulation model, found negligible global effect (with respect to C0 2 ) of turning off all phytoplankton production in the Southern Ocean. On the other hand, the finding that the 0 3 -induced loss to a natural community of phytoplankton in the MIZ is measurable, leaves the ecological consequences of the magnitude and timing of this early spring loss as something to be determined.
Summary
There is nearly undisputed evidence that human activities have caused a diminution of stratospheric ozone, especially in the south polar vortex region, and this diminution has led and will continue to lead to increased levels of UV-B incident at the surface of the earth. There is also widespread agreement that ozone-related increases in UV Another important area of agreement is that individual phyto plankton species demonstrate differential sensitivity to UV-B as was suggested by early workers [Calkins and Thordardottir, 1980; Worrest, 1983] . Virtually all recent UV-related aquatic research results show, or are consistent with, this hypothesis of differential sensitivity. While there is general agreement on the existance, there is little agreement over the possible consequences, of differ ential sensitivity. That a community might show variable response to increased UV-B creates a key unpredictable factor: a 'wild card' that could dramatically influence (through altered species composition, food web structure, differential impact on predator/prey components, etc.) ecosystem structure. Alterna tively, differential sensitivity could merely be a demonstration of the high level of resilience and community-level adjustment of phytoplankton to increased UV-B levels. The uncertainties associ ated with the ecological consequences of possible altered species composition on communities and ecosystems impinges on two other important considerations: short-term variability vs. longterm consequences and trophic level interactions.
Smith, Prezelin and co-workers [Smith et al., 19926] conclu sively measured an impact on an Antarctic phytoplankton commu nity within the ozone hole. They also pointed out that the magni tude of this impact was less than the presumed natural variability in southern ocean phytoplankton productivity. While the ecologi cal significance and magnitude of this impact continues to be debated, the fact remains that chlorofluorocarbons (CFCs) gener ated primarily in the Northern Hemisphere have been linked to a measurable impact on a Southern Ocean phytoplankton community. Karentz [Karentz, 1991] has observed that the ozone hole has now been in existence for over a decade, thus any poten tial ecological effects may have already been initiated, yet none have been conclusively documented. She also observed that base line (pre ozone hole) photobiological data are lacking so that a quantitative assessment of any possible change is difficult Smith and Baker pointed out that productivity estimated using short-term incubations (e.g., 14C technique) are inadequate for assessing longer-term processes. At the ecosystem level, the work of Bothwell and co-workers [Bothwell et al., 1993; Bothwell et al., 1994], demonstrates the complexity of trophiclevel response to added UV-B and they emphasize the need for long-term (multigeneration times) autecological studies to assess ecosystem structure. Thus while uncertainties persist and the need for process oriented laboratory studies remains, there is a growing consensus that long-term ecosystem studies are required in order to answer ecosystem related questions. It is at the ecosystem level that the greatest interest, uncertainties and challenges remain.
